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ABSTRACT
Modeling free convection heat transfer in a cylindrical annular enclosure is still 
an active area of research and an important problem to be addressed in the high level 
nuclear waste repository. The waste containers are vertically emplaced in the borehole 
300 meters below ground, and in a horizontal grid of 30 X 8 meters apart. The 
borehole will be capped after the container emplacement and the container is 
surrounded by an enclosed vertically concentric air-gap inside the borehole. The 
expected initial heat generated is 4.74 kW per container and it degenerates 
exponentially with time. A computer simulation model is used to find the thermal 
performance for the air-gap and the problem is solved in two steps. The first step is 
to solve for the heat conduction in the rock. The second step proceeds by using the 
results of the first step as boundary condition to solve the more complicated convection 
and radiation in the air-gap. Finally a parametric study was done for three different air- 
gap thicknesses (5 cm, 10 cm, and 15 cm) to obtain the effect of the gap thickness on 
that heat transfer. Eventually the goal of this study is to obtain the temperature at the 
central axis of the vertical container as a function of time so that the maximum 
temperature of the zirconium cladding on the fuel pellets can be determined.
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CHAPTER 1
INTRODUCTION
In the proposed high level nuclear waste repository, the waste containers are 
to be vertically emplaced in the borehole 300 meters below ground and in a horizontal 
grid of 30 x 8 meters apart with the borehole capped after the container emplacement. 
Therefore the waste container is surrounded by an enclosed vertical concentric air-gap 
(5 cm thick) inside of the borehole. The expected initial heat generated in this study 
is 4.74 kW per container and decays exponentially afterwards. The thermal problem 
in the borehole of the high level nuclear waste repository is a heat transfer one in an 
enclosed vertical concentric cylindrical annulus. The overall problem includes heat 
conduction, convection, and radiation over the lifetime of spent fuel for a period of one 
thousand years. The heat transfer and temperature distribution around the container will 
affect the design of the high level nuclear waste container and the spatial distribution 
of locating different containers in a horizontal plane.
A literature search of previous studies done for heat transfer in the vertical 
concentric cylinders shows there were only a few studies which have been done in this 
geometry, and with different boundary conditions than what are imposed in this study.
1
2In Nagendra’s study1, a vertical cylinder surrounded by a cylindrical tube with 
the inner one, contains fluid (water) in the annular region. The inner cylinder was 
maintained at a constant temperature, and so was the outer cylinder except its 
temperature was lower. A very low heating rate was used, so the heat transfer took 
place exclusively by conduction. In their experimental setup, a 0.35 mm diameter 
platinum wire was set inside of 0.63 cm diameter brass tube which made the ratio of 
the diameters much higher than in our cases.
In J. S. Coombs’ study2, the inner cylinder diameter was 66.8 mm and the outer 
one was 92.9 mm while the height was 254 mm. The inner cylinder was heated by 
a heater which was placed inside the inner cylinder. The outer cylinder was rotated by 
a d.c. motor whose speed was continuously varied between 4 rad/sec and 157 rad/sec. 
A gear box was also used to reduce the speed down as far as 1 rad/sec and the annulus 
was filled with de-aerated water. It was found that the secondary flows in a vertical 
finite water-filled annulus with a rotating outer boundary and a relatively large gap-to- 
radius ratio profoundly influenced the radial heat transfer characteristic of the annulus.
The effect of a radial temperature gradient on the hydrodynamic stability in a 
gap formed by two, vertical, concentric cylinders was studied by M. M. Sorour3. In 
this work, the inner cylinder was rotated and the outer one was both stationary and 
isothermally heated. Two cases were studied, one was with a zero imposed axial fluid 
flow in the annular gap, the other was an imposed axial flow in the annular gap. Their 
results show that for zero axial flow, it was found that the temperature gradient 
destabilizes the flow but did not affect the form of the secondary flow. For the
3imposed axial flow, the point of neutral stability was modified only when natural 
convection was strong enough to affect the parabolic velocity associated with that 
flow, the extent of this modification was shown to depend on the direction of the axial 
flow. Also, the longitudinal temperature gradients within the gap were found to 
influence the axial wave number and the drift-velocity.
In El-Shaarawi’s study44, the setup was using a rotating inner cylinder and a 
fixed outer one. The radial temperature gradient in the vertical gap affected the 
stability of a Couette flow formed between the two rotating concentric cylinders. Their 
investigations showed that the presence of a superimposed low axial flow has a 
stabilizing effect on the onset of Taylor vortices.
Another Sorour’s study6, natural convection flow generated by heat between 
two vertical concentric cylinders for various radius and aspect ratios was investigated 
using a finite difference numerical technique. Their simulation studied natural 
convection of a fluid between vertical concentric cylinders maintained at different 
isothermal temperatures with conducting end boundaries. The characteristics of air, 
water and light oil were studied in an annulus of radial ratios between 0.1 to 0.99, and 
aspect ratios between 20 to 90 where the Grashof number was kept constant at Gr = 
5.0X103. The results indicated there were significant differences between their models, 
and an unrealistic model of natural convection in an annulus with insulated end 
boundaries. They also found that the flow structure and heat transfer are affected by 
the radial ratio but not the aspect ratio, and while the Prandtl number affects the flow 
structure it does not affect the heat transfer rate.
4T. Hanzawa7 studied partially heated annulus, In his setup the inner cylinder 
was heated only at its mid-height (heating length is 12 cm), where both ends were 
closed by insulating plates. The diameter of the inner cylinder was 14 cm while the 
outer cylinder diameter was 22.3 cm, and the height of the annulus stood at 29.2 cm. 
Their heating-zone temperature was 323 to 673 K, and it was found that the flow 
inside the gap is vertical and parabolic in profile in the circulation zone. The radial 
temperature distribution started close to the bottom of the heating zone while the 
temperature gradient was high in the vicinity of the heating zone. When the Grashof 
number was less than 1.0x10s, the effect of natural convection was small, and heat 
transfer was controlled by conduction. As the Grashof number was increased, the effect 
of convection began to be felt, and became quite appreciable around Gr = l.OxlO7, 
with the isotherms showing quite a bit of curvature.
In another T. Hanzawa’s study8, the results were similar to the one above, but 
with an open end to allow air flow in and out of the system. It was found that: 1) 
Streamlines near the heated wall were drawn toward the heated surface except at large 
Reynolds numbers and a vortex existed with back flow across the upper portion of the 
system at Gr = 106, 2) Axial velocity near the heated surface increased with increasing 
Grashof number and changed with axial distance, 3) The radial temperature gradient 
was steep in the vicinity of the heated surface and the temperature distribution in the 
radial direction was affected strongly by Re, Gr, Dj/L and rjr0, 4) The calculated 
streamlines and temperature distributions agree closely with the visualized streamlines 
and measured temperature distributions, 5) There was reasonable agreement between
5the average Nusselt number calculated from the radial temperature gradient over the 
heated surface and the experiment values.
In Kenneth S. Ball’s study9, heat transfer in an annulus of aspect ratio of 10 
and fixed adiabatic horizontal end plates with a radial ratio of 2 has been investigated. 
The inner cylinder was heated and could be rotated within an outer stationary cylinder. 
The solution was obtained using a detailed numerical investigation of mixed 
convection flows in a vertical cylindrical annulus. Solution for the cases of pure forced 
convection (i.e. Gr = 0.0 ) and pure natural convection (i.e. Re = 0.0 ), showed that 
instabilities set in above certain values of those parameters. The presence of buoyancy 
delayed the onset of Taylor instability until the Reynolds number had reached a value 
corresponding to Gr/Re2 = 1, while the presence of rotation delays the onset of the 
thermal instability at all values of Gr/Re2 above unity. For greater rotational speeds ( 
Gr/Re2 > 1 ), the thermal instability never occurred, as the Taylor vortex flow set in. 
As the densiometric Froude number Gr/Re2 was varied, the flow and temperature fields 
underwent significant changes. The local heat transfer rates varied greatly with axial 
location as Gr/Re2 was varied, and the mean equivalent conductivity exhibited a 
minimum value near Gr/Re2 = 1 for all cases studied.
All the above papers have dealt with a relatively low heat flux on the inner 
cylinder,1 or for cases where the temperature difference between the two cylinders was 
small and the temperature was uniform but distinct on each cylindrical surface.2 In 
some cases the cylinder(s) was/were spinning,2’3,4,5’9 or the air-gap in between the 
cylinders had open ends,2,8 so the air-flow pattern could be easily generated. A new
6study was done10 in which natural convection in a heated annulus with a constant heat 
flux was applied to the inner cylinder while the outer cylinder was kept insulated. The 
paper was mainly interested in applying the weakly nonlinear instability theory to the 
problem but no radiation effects were considered in that study. From all the previous 
studies, the last study10 would be one that relates somewhat closely to the high level 
nuclear waste repository. The major differences between the previous studies and our 
study is that our has a high aspect ratio of air gap height to width (about 80), and high 
heat flux imposed on the inside surface.
CHAPTER 2
PHYSICAL PROBLEM DESCRIPTION AND NUMERICAL MODEL
2.1 Physical Model
An axi-symmetric problem has been set-up. The heat source, is a cylinder of 
3.66 m high with 0.355 m radius and an initial 4.74 kW of heat output11 (containing 
a hybrid mix of PWR and BWR spent fuel Rods) and is placed at the center of a large 
chunk of rock bounded by a cylinder 600 meters high (i.e. 300 meters below grade), 
with a radius of 8.74 meters of surrounding rock centered around the canister axis as 
shown by Figure 2.1. Figure 2.2 shows the history of the heat output from a typical 
container which is placed inside an enclosed borehole with its bottom resting on a 
cylindrical concrete pedestal, while the top surface and the vertical wall of the heated 
cylinder are separated from the rock by an air-gap. For simplicity, the problem was 
modeled as a container of 4.0 m height and a diameter cylindrical shell of 0.71 m. It 
sits in the borehole with both end touching the surfaces of the rock.
In this study, the whole problem is broken down to three parts. First, the heat 
conduction problem in the surrounding rock (with conditions of constant heat flux on
7
8the borehole surfaces), was solved with different but uniform temperatures on the top 
and bottom of the solution field (i.e. ±300 m above and below the plane of the 
container). Second, free convection in the air-gap with the conditions of uniform heat 
flux on the container outer surfaces was applied and the temperature distribution 
solution from step one on the borehole rock surfaces was used as boundary condition. 
Third, the radiation and free convection combined heat transfer in the air-gap was 
solved for the same conditions as step two. This is done to see the relative effects of 
the two mechanisms of heat transfer.
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Figure 2.2 Hybrid PWR and BWR Spent Fuel Unit Thermal Output
For the first part of the problem, the inner boundary (rock surface) is assumed
to have a uniform heat flux on both the borehole rock wall and end surfaces (i.e. the
enclosed borehole is considered as a cylinder 4.5 m high, and 0.405 m in radius). The
outer vertical boundaries of the problem solution are as follows: an 8.74 m radius
imaginary surface is located in the rock and assumed to be an adiabatic surface. At the
top and bottom horizontal surfaces of the solution field (i.e. ±300 m high from the
container) uniform but different temperature boundaries are imposed (i.e. 22 °C on top
t t t t  | i i m  | i r r v |  n  t  i | r r n ^ r m T n n i  r r  n i t i t Tj r i T r p T i  r  |
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surface and 36 °C at the bottom11,12). The borehole rock surfaces temperature 
distribution would be the outer boundary input conditions of the second part of the 
problem.
The second part of the problem deals with the heat convection inside the air- 
gap and heat conduction in the concrete pedestal which is placed under the heated 
container to offer stability and prevent any potential wetness from touching the 
container walls. In this part, the container surface has a uniform heat flux and is the 
inner boundary condition while the borehole rock surface and its already known 
temperature form the outer boundary condition.
2.2 Numerical Model
FIDAP (Fluid Dynamics Analysis Package), a finite element package, is used 
to simulate the entire problem. For the heat conduction inside the rock, a 1512 
elements (i.e. four nodes quadrilateral element total of 1576 nodes) mesh was used. 
Since the temperature at the region near the container surface is expected to have 
steeper temperature gradients, smaller element sizes were used in the near field to 
capture the detail of the temperature solution field. Larger element sizes were used in 
the far field to keep the element number to a minimum. The smallest element size 
was about 0.56 x 0.23 m and the largest size was about 9.39 x 3.0 m. The aspect ratio 
of each element is maintained with a maximum value of 1:10. Transitional elements 
were used to link the two sizes of the element groups. Inside the air-gap (assuming the
11
air movement inside the air-gap to be laminar), the nine nodes quadrilateral element 
was selected. To capture the details of the fluid movement, a very finely graduated 
spacing of element mesh size was generated (finer mesh was used for the fluid 
elements near the wall, see Figure 2.3 for part of the mesh plot), the mesh contained
| ( \ ]  FI DAP G ra p h ic s  W tm lo w d h ch rl:
2-D AXI-SYMMETRIC TRANSIENT CONDUCTION ELEMENT 
MESH PLOT
TIME 0 .7ME+03
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FIDAP 6 0 
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13:03 32
Figure 2.3 Near Field Sample Mesh for the Conduction Problem
nodes. This is a axi-symmetric model. It is 600 m in height and 8.74 m in radius. The 
2640 elements total and 11069 two openings on the central axis (i.e. the bottom of the 
graph) were the borehole and the drift. The opening on the circumferential surface of
the cylindrical model was for simulating the distance of one-half of the waste package 
pitch (i.e. R = 4.0 m). The large radius of the cylindrical model is the 8.74 m which 
its circular area is equal to 240.0 m2 (i.e. 30x8 m).
For the axi-symmetric transient problem with heat conduction the transient 
energy equation was solved, and for the free convection problem the equations of 
energy, continuity, and momentum all solved in steady state. The list of equations are: 
energy equation:
p c p ( drd t i l +u *1)r dr Z d z 1
d2\  . d , ,  dr.--±4~ ( k r ^ - )  +-£- ( k ^ )  r  dr  or oz  az
(1)
continuity equation:
— -S- ( p r u r ) +-^~ ( p u z) =0 (2)r  d r  1 oz z
momentum equations:
13
P (u r
Bu„ 3u,
1 3 . , d a zz= ——— ( r o  ) +— — r  3 r  rz' 3z
(4 )
Bu (5 )
u .
oe8= -P +2 ^ —f ( 6 )
au r au z 
° rz ^ ( az  + 3x
(7 )
Bu ( 8 )
where p is the density, cp is the specific heat of, k is the heat conductivity, ur and uz 
are the fluid velocity components, Oy is the stress tensor, |3 is the volume expansion 
coefficient, T is the temperature.
In part one of the problem, equation (8) was used where both ur and uz were 
zero. The rock properties cp and k were input as temperature dependent and p was 
assumed to be constant.
For part two, a strongly coupled problem is used. In this case the whole set of 
the above equations has been solved (equations 1 - 8). All air properties for the
14
convection were assumed to be constant except density. The FIDAP simulator used the 
Boussinesq assumption for flows involving buoyancy forces, which allows the fluid 
density to vary with temperature according to:
p=p0 [ l - p T( r - r 0) ] (9)
where pT is the coefficient of thermal volume expansion and the subscript zero 
indicates a reference condition. For the STRONGLY coupled problem, the body force 
term will be:
pgr=p0 [ l - p r ( T - r 0) ] g  ( 10)
In the case of solving the strongly coupled steady state natural convection 
problem, FIDAP used the penalty function. When the finite element method is not 
applied directly to the system of equations (like in equations 9 and 10) but rather to 
a perturbed system of equations in which the continuity requirement is weakened and 
replaced by,
ui , i =~eP
where e is penalty parameter that is very small (l.OxlO'5 to l.OxlO'9).
CHAPTER 3
RESULTS AND DISCUSSION
3.1.1 Conduction in Rock for 5 cm Air-Gap Case
In the transient heat conduction problem (first problem), the complete history 
of the temperature field in the rock was solved for 1000 years. In the 5 cm thickness 
air-gap case (i.e. the borehole radius is 0.405 m), the highest temperature node (node 
#157) is at the middle of the borehole wall. Temperatures of the borehole surface 
varied from point to point while the lowest temperature on the borehole surfaces was 
about 92.6 % of the highest temperature value (node #153). The borehole wall 
experienced a peak temperature at about 18 years after the container emplacement, and 
the highest temperature for any of the nodes at peak time was about 224 °C. Figure
3.1 shows the numbered element group that is located near the borehole wall. Figures
3.2 and 3.3 exhibit the time history temperature plot of some nodes (from node # 153 
to 157 and 157 to 161) along the vertical borehole rock wall. Figures 3.4 and 3.5 are 
the time history temperature plots of the top of the borehole (node # 48, 112, 161), 
and the bottom of the borehole (node # 47, 111, 153). This problem took 64 time steps
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to cover the thousand years. As shown in the figures the maximum temperature lags 
significantly the time when maximum heat flux occurs because of the large thermal 
inertia of the rock around the container.
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Figure 3.1 A Group of Numbered Elements Near the Borehole
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Figure 3.2 Temperature History for Lower Half of the Borehole Wall (Temp, in K,
Time in Seconds)
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Figure 3.3 Temperature History for Upper Half of the Borehole Wall (Temp, in K,
Time in Seconds)
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Figure 3.4 Temperature History for Bottom Surface of the Borehole (Temp, in K and
Time in Seconds)
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Figure 3.5 Temperature History for the Top Surface of the Borehole (Temp, in K and 
Time in Seconds)
3.1.2 Convection for 5 cm A ir Gap Case
Initially an attempt to solve the convection and problem was made using a 
transient simulation but because of the physical problem’s high heat input and very 
high air gap aspect ratio (about 80:1) the solution became highly unstable and did not
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converge. So a pseudo-transient solution using 15 steady state solutions over the 
lifetime of the spent fuel were used to represent the thousand years of transient 
convection solution. This is justified because of the relatively much smaller thermal 
capacity of air as opposed to the rock. Hence it is expected that steady state conditions 
are reached in the air much faster than the rock. So the temperature profiles on the 
borehole rock surface in the transient conduction solution were used as the outer 
temperature boundary
€
Canis te r  
Wall____
Air Gap
Borehole
Wall
Figure 3.6 Air Gap Problem Schematic Layout
22
conditions for the steady state solution input to the air-gap convection problem. Figure 
3.6 is the schematic layout of the air-gap problem and Figure 3.7 shows a part of the 
air-gap mesh.
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Figure 3.7 Air Gap mesh Sample (Top End)
Because of the high aspect air-gap ratio, the majority of the heat was transfer 
radially into the rock rather than axially from the top and bottom (i.e. the vertical wall 
surface area is 11.45 m compare to 1.03 m of the total end surfaces, and the heat
23
transfer lost from the end area was compensated for by scaling down the heat flux). 
So the model was simplified to a vertical annulus while the two horizontal ends being 
assumed as adiabats. Laminar flow was expected13'14, and verified by obtaining Ra 
(Rayleigh number Ra s  l.OxlO7) so a nine node quadrilateral element was selected to 
better capture the flow details. To capture the details of the fluid movement, a very 
fine graduated spacing of element mesh was generated (finer mesh was used for the 
fluid element near the wall and the ends, see Figure 3.7 for part of the mesh plot), the 
mesh contained 2200 elements and 9261 nodes. Here the problem will first be analyzed 
using convection heat transfer only to assess the relative importance of convection to 
radiation.
A dimensionless formulation of the problem was used and Table 1 below shows 
the list of the dimensionless properties:
Quantity Setting
Density Grrm
Viscosity 1
Specific Heat Pr
Conductivity 1
Capacity Sc
Diffusivity GrT‘1/2
Volume Expansion 1
Table 3.1 Dimensionless Quantity
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where the Rayleigh number can be described as:
( 12)
and the Grashof number is:
(1 3 )
To start out the solution of the heat convection problem, the solution had to be 
started from lower Rayleigh numbers to higher ones (i.e. from lower to higher canister 
heat flux), which meant starting the solution from the 1000 yrs. and moving back in 
time. Here Ra is directly proportional to heat flux at the canister wall. The same 
strategy will be used later for the convection and radiation simulation to assess the 
relative importance of radiation. This approach allowed a gradual build-up of the 
temperature profiles and fluid velocities at each consecutive time step. Each step’s 
solution was used as the initial guess for the next step. The range of Rayleigh number 
is from l.OxlO7 at the beginning to 8.88xl04 at the end of a thousand years which 
suggested essentially laminar flow.
The solution in this air gap problem shows that with convection alone a single 
cell air flow pattern is established which gradually changes to a multicellular flow 
pattern solution. Figure 3.8 is the temperature distribution of the container wall at 1000 
yr (i.e. Ra = 8.88xl04), it shows clearly there is a single cell air flow in the gap. The
fSI Ki D a  P  G rap h ics  W indow @ cl.Trl;
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Figure 3.8 Temperature Profile along the Container Wall (T* vs. H‘)
huge temperature drop at the top portion of the container wall indicates that this 
portion of the temperature profile is affected by the low air velocity occurring near the 
end region hence convection is very low. It could also mean that this is not the true 
solution yet. When it is in the single cell stage, it yields a higher temperature profile 
across the air gap, but as the iteration proceeds further, the multi-cellular flow pattern 
starts to appear. And this multi-cellular solution is the stable one (i.e. letting the 
simulation go further will not yield another forms of solution, nor even go back to the 
single cell solution), and hence the multi-cell solution is the most probable solution.
!r.tpbics\V'iuclou'@>cl.irl:
2-D AXI-SYM FREE CONV IN ANNULUSCO COORDINATE VS 
VARIABLE PLOT753 W/m~2)
159 -
TEMPERATURE
LINE
DEFINITION0 72586 -
POINT 
X0 0 000E+00
TEMP
0 57014 -
DIRECTION
1 0000 
0 0000
25869 -
0 10296 -
FIDAP 6 01 
I 2 /2 2 /9 30 00000 I 60000 3 20000 4 80000 6 40000
__________  COORDINATE CXI0+ 17
00000
Figure 3.9 Temperature Profile along the Container Wall (at 1000 yr. T’ vs. H’)
Figure 3.9 indicates the temperature profiles on the container wall for the multi cellular 
flow solution at the first steps of the simulation (i.e. at the end of the thousand years 
Ra=8.88xl04). Each of these local peaks represent the junction between two 
consecutive air cells (11 cells can be seen). Figure 3.10 is a velocity vector plot for 
a mid-portion of the air gap where two fluid cells can be seen. The maximum air flow 
velocity for this plot is 5.9 cm/sec (the nondimensional velocity times the characteristic 
length of 0.05 m). The streamline plot in Figure 3.11 shows very clearly that two air 
cells in the same section of the air gap as in Figure 3.10 while the temperature contour
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can be seen in Figure 3.12. Figure 3.13 indicates the air flow at any horizontal plane 
shows a no net air flow exists vertically at any location as expected. This adds to the 
belief that the solution has converged to close tolerances.
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Figure 3.10 Velocity Vector Plot for Mid-Portion of the Air Gap (at 1000 yr. Positive
Z is Up)
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Figure 3.11 Streamline Contour Plot for Mid-Portion of Air Gap (at 1000 yr. Positive
Z is Up)
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Figure 3.12 Temperature Contour Plot for Mid-Portion of Air Gap (at 1000 yr.
Positive Z is Up)
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Figure 3.13 Axial Velocity Across a Horizontal Plane in the Air Gap (at 1000 yr. 
Outer Container Surface on the Left)
In this study, the number of cells in the air gap decreased as the Rayleigh 
number increased. Figures 3.14 to 3.17 show there are 10 cells in the air gap when the 
Ra number is 1.45x10s, and then decreased to 8 cells as the Ra increased to 2.5x10s, 
after that it reduced to 5 cells as Ra = 3.0x10s and then 4 cells as Ra reached 3.63x10s 
(the time when the borehole rock wall experienced peak temperature). For the higher 
Ra number in this 5 cm air gap convection problem, no solution was obtained (this is 
due to the limitation of FIDAP 6.0 for this kind of the simulation). The temperature,
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T* obtained in these runs is nondimensional , and a dimensional temperature can be 
converted as:
m p b i c s  Wimlow@cl . 1r l :  "
2-D AXI-SYM FREE CONV IN ANNULUSCQ=37 051 W/m~2:>
0 78498
0 64473 
TEMP
0 50447 -  
0 36421 
0 22396 
0 08370
T
0 00000 I 60000 3.20000 4.80000 6 40000
COORDINATE CX10+ 17
I
8.00000
COORDINATE VS 
VARIABLE PLOT
TEMPERATURE
LINE
DEFINITION
POINT
X0 0 000E+00 
Y0 0 710 E + 0 1
DIRECTION
I 0000 
0 0000
FIDAP 6.01 
01/18/94 
23:18 45
Figure 3.14 Temperature Profile on the Container Wall (Tmax = 179 °C at 560 yr.)
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Figure 3.15 Temperature Profile on the Container Wall (Tmax = 276 °C at 80 yr.)
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Figure 3.16 Temperature Profile on the Container Wall (Tmax = 361 °C at 39 yr.)
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Figure 3.17 Temperature Profile on the Container Wall (Tmax = 432 °C at 18 yr.)
T=Tr+g,l~ T ''  (1 4 )K
where T* is the nondimensional temperature, Tr is the borehole rock wall temperature, 
q" is the heat flux, b is the characteristic length (thickness of the air gap), and k is the 
conductivity of the air. Table 3.2 Shows the maximum temperature on the container 
surface at different times:
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18 yr. 39 yr. 80 yr. 560 yr. 1000 yr.
432 °C 361 °C 276 °C 179 °C 148 °C
Table 3.2 Maximum Temperature on the Container Wall
The maximum velocity in the air gap for any of these runs is about 5 to 7 cm/sec. The 
dimensional velocity can be obtained from the nondimensional velocity as:
U=U*b (1 5 >
where U is velocity that unit is m/sec, and U* is the nondimensional velocity.
3.1.3 Convection and Radiation 
for 5 cm A ir Gap Case
In the study of combined convection and radiation heat transfer two models 
were used. The first model used the container wall as the inner boundary. While in the 
second one the container and the waste package were included in the simulation 
domain and where heat generation was input inside the container mass. Also the newer 
version of FIDAP (7.0 instead 6.0) was used. FIDAP 7.0 has a better capability of 
simulating fluids problem than the older version due to its ease in generating the grid 
and better numerical algorithms.
For the first case (i.e. no container in the model) the temperature profile on the
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container wall in each of the 15 steps was lower than the one for the convection only 
case. For example, at the end of 1000 years with the emissivity e = 0.8 for both the 
rock and container wall surfaces, the maximum temperature on the container wall was 
125 °C instead of 148 °C as in the convection only case (see Figure 3.18 and Figure 
3.9).
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Figure 3.18 Temperature Contour at the Top End of the Air Gap (at 1000 yr.)
The maximum temperature difference across the air gap was 2 °C instead of 25 °C.
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At 18 years after the container emplacement, the maximum temperature on the 
container wall was 246 °C as shown in Figure 3.19, which was 186 °C lower than the 
convection only case. This resulted in a maximum temperature difference across the 
gap of 21 °C.
Air Gap Heat Conv. & Radi, at 18 y r .
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Figure 3.19 Temperature Contour at the Top End of the Air Gap (at 18 yr.)
as opposed to the convection case of 208 °C. The highest temperature spot on the 
container wall was located at the top portion of its wall surface as shown in Figures
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3.18 and 3.19 of the temperature contour plots. The velocity inside the air gap showed 
a dependency on the level of heat flux, and changed from Umax = 4.65 cm/sec when 
the heat flux was 18.75 W/m2 and at the 1000 years (see Figure 3.20), to Umax = 13.09
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Figure 3.20 Velocity Vector Plot at the Top End of the Air Gap (at 1000 yr.)
cm/sec at 18 years where the heat flux level was 264.68 W/m2 (see Figure 3.21). From 
the streamline contour plot and the radial velocity plot along the mid-vertical line in 
the air gap which was half way across the air gap (see Figure 3.22 and 3.23) a single
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cell flow pattern could be seen inside the air gap. In Figure 3.23, negative radial 
velocity was shown near the bottom portion of the air gap which gradually went to 
zero as it moved upward and then finally changed into positive velocity as it 
approached to the top section. This plot demonstrated clearly that the air inside the thin 
gap was moving in an upward fashion near the hotter container wall and outward 
radially at the gap ceiling from there on a downward motion along the cooler vertical 
rock borehole wall which ended in an inward radial flow back to the bottom of the 
container wall.
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Figure 3.21 Velocity Vector Plot at the Top End of the Air Gap (at 18 yr.)
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Air Gap Heat Conv. & Radi, at 18 yr.
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Figure 3.22 Streamline Contour Plot at the Top End of the Air Gap (at 18 yr.)
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Figure 3.23 Radial Velocity Across a Horizontal Plane in the Air Gap (at 18 yr.)
A more realistic model including the container and the nuclear waste is now 
used. In this case the container was modeled as a thin cylindrical shell with its top and 
bottom closed and its shell thickness was 1.0 cm and made of 304 stainless steel8. The 
nuclear waste is stored inside the shell. The thermal properties of the BWR and PWR 
hybrid fuel rod assemblies were simulated with the effective properties which included 
radiation and conduction modes,11 they were lumped with the inner container partitions 
to assume a equivalent conductivity of 2.7 W/m.15 The two boundary conditions were 
the same as the previous convection and radiation model except now the container has
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a heat generating term in it, the center line of the container was assumed as a adiabat.
From the computer simulated results, the velocity and the maximum 
temperature inside the air gap were lower than the previous convection and radiation 
case. The location of the maximum temperature on the container wall surface was near 
the top container. The location of the maximum temperature inside of the waste 
package was at its center line near the top.
At 10 years, the waste package reached the maximum temperature of 191 °C 
(see figure 3.24). This plot indicated that the temperature difference along the center 
of the container was 23 °C while the lowest temperature was located at the bottom and 
gradually increased to its maximum value at the top. In Figure 3.25, it presented the 
temperature profile for the whole solution field. During this time the air movement 
inside the gap was in a one loop air flow pattern, air rose along the container surface 
and dropped along the rock wall (see Figure 3.26), the maximum air velocity was 
about 39.91 cm/sec and was shown in Figure 3.27.
At 18 years, the temperature inside of the container rises to its history peak of 
253 °C (see Figure 3.28), while its central axis temperature variation is 5 °C and the 
peak value was at the top (see Figure 3.29). In this case the air flow inside the gap is 
still a single cell flow pattern with the top velocity of 9.87 cm/sec. Figure 3.30 and 
3.31 shows the velocity vector and the streamline contour at the same location of the 
air gap respectively. Figure 3.32 demonstrates how the temperature varies radially at 
the mid-height of the container.
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Figure 3.24 Temperature Variation along the Container Center Axis (at 10 yr. Temp, 
in K and Height in m)
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Figure 3.25 Temperature Contour Plot (at 10 yr. Temp, in K)
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Figure 3.26 Radial Velocity along the Mid-Vertical Line in the Air Gap (at 10 yr. Ur
in m/sec)
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Figure 3.27 Velocity Vector Plot for the Mid-Portion of the Air Gap (at 10 yr. U in
m/sec)
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Figure 3.28 Temperature Contour Plot (at 18 yr. Temp, in K)
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Figure 3.29 Temperature Variation along the Container Center Axis (at 18 yr. Temp, 
in K, Height in m)
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Figure 3.30 Velocity Vector Plot for the Top Portion of Air Gap (at 18 yr. U in
m/sec)
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Figure 3.31 Streamline Contour Plot for the Top Portion of Air Gap (at 18 yr.)
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Figure 3.32 Radial Temperature Variation at the Mid-Point of the Container (at 18 yr. 
Temp, in K, Radius in m)
At 23 years, the maximum temperature inside the container was down to 245 
°C (see Figure 3.33) while the maximum velocity in the gap was 10.39 cm/sec (see 
Figure 3.34). From both the streamline contour plot and the radial velocity plot, it is 
indicated that the air flow pattern inside the gap was a single cell pattern (i.e. the 
radial velocity along a vertical line that was at the half way across the air gap, it was 
similar to Figure 3.26). The container center line temperature variation was 4 °C with 
the high temperature values at top.
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Figure 3.33 Temperature Contour Plot (at 23 yr. Temp, in K)
53
CONV. & RADI. HEAT TRAN. IN AIRGAP(at 23yr 5cm) V E L O C I T Y  
V E C T O R  P L O T
S C A L E  F A C T O R  
0 . ^ n O O E i 0 2  
R E F E R . V E C T O R
--------- 0 . 1 0 5 6 E  +  0 0
M A X . V E C . P L O T ' D  
0 .  1 0  3 9  E  ♦ 0 0  
A T  N O D E  I i 7 6 2  
C O L O R  C O D E :  
V E L O C I T Y
-  —  ■—  ■—  —  —  *—  —  —  -—  —  -—  ■—  -—  *—  —  — - —  —  —  —
R
L .
l l ® ;
f i C H R K N  I . T M I T S  
Z M I N  0 . 1 8 6 E + 0 1  
Z M A X  0 . 2 1 4 E + 0 1  
K M I N  0 . 2 1 6 E I 0 0  
R M A X  0 . 4 5 8 E + 0 0
FIDAP 7.06 
0 8 / 0 6 / 9 4  
1 6 : 0 4 : 0 4
Figure 3.34 Velocity Vector Plot for the Top Portion of Air Gap (at 23 yr.)
At 80 years, the maximum temperature inside the container continued to drop 
down to 191 °C (see Figure 3.35) while the maximum velocity inside the gap was 7.92 
cm/sec (see Figure 3.36). The container center line temperature varied from 189 °C at 
the bottom to 191 °C at the top. The resulting streamline inside the air gap clearly 
showed that the air flow inside the gap had the same pattern as it had at an earlier time 
(i.e. single cell flow).
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Figure 3.35 Temperature Contour Plot (at 80 yr. Temp, in K)
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Figure 3.36 Velocity Vector Plot for the Mid-Portion of the Air Gap (at 80 yr. U in 
m/sec)
At the end of 1000 yrs. Figure 3.37 shows the maximum temperature inside the 
waste container was 126 °C, and it appeared the hottest spot inside the waste package 
was on the center line of the container near the top (see detail on Figure 3.38 the 
temperature profile on the center line), while the maximum velocity inside the gap was 
2.87 cm/sec (see Figure 3.39). The temperature profile along the container outer 
surface indicated that its minimum value was 124 °C which means there would not be 
any water condensation on the outer container surface (see Figure 3.40).
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Figure 3.37 Temperature Contour Plot (at 1000 yr. Temp, in K)
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Figure 3.38 Temperature Profile on the Container Center Axis (at 1000 yr. Temp, in
K, Height in m)
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Figure 3.39 Velocity Vector Plot for the Top Portion of the Air Gap (at 1000 yr. U
in m/sec)
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Figure 3.40 Temperature Profile on the Outer Container Surface (at 1000 yr.Temp. in 
K, Height in m)
3.2.1 Conduction in Rock for 
the 10 cm A ir Gap Case
In the 10 cm wide air-gap case, essentially the same model was used as in the 
5 cm gap case study. It took the same number of time steps (i.e. 64 steps) to cover the 
transient heat conduction solution for 1000 years of the spent fuel lifetime. The 
temperature history profile in the rock was similar to the 5 cm case, except the peak
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temperature was slightly higher than the previous case and occurred at about the same 
time after container emplacement as the 5 cm gap case. Figure 3.41 presents the
[x] FI D A P G m p b i c s  Wi u d o u ’GPcI.irk j
2-D AXI-SYMMETRIC TRANSIENT CONDUCTION
*
L
TEMPERATURE 
CONTOUR PLOT
LEGEND 
- 0 3084E+03 
3291E+03 
3499E+03 
3707E+03 
3 9 14E+03 
4 I22E+03 
4330E+03 
4537E+03 
4745E+03 
4952E+03
0
0
0
0
0
0
0
0
0
MINIMUM
0 29800E<03 
MAXIMUM
0 50562E< 03
IIME 0 S72E+09
SCREEN LIMITS
ZMIN 0 279E+03
ZMAX 0 316E+03
RMIN - 568E+01
RMAX 0 I67E+02
F I D A P  6 01 
12/17/93 
14 34 13
Figure 3.41 Temperature Contour for the Rock Near the Borehole (at 18 yr. Temp, in 
K)
temperature contour plot in the near field. In this plot the time was shown as 
0.572xl09 sec which is the same as 18.1 years and its maximum temperature was 233 
°C which was located at the middle of the vertical borehole wall (see Figure 3.42 for
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a close up look on that vertical wall at approximately the same time). Figure 3.42 
demonstrated how the temperature profile varied along the vertical borehole wall.
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Figure 3.42 Temperature Profile on the Borehole Wall (at 18 yr. Temp, in K, Height
in m)
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3.2.2 Convection and Radiation 
for the 10 cm Air Gap Case
For the 10 cm gap study, the very last model in the previous 5 cm gap case 
was used (i.e. the container is included in the model). The 10 cm case study will be 
able to determine the importance between the convection and radiation heat transfer 
in different air gap thicknesses. The aim of studying the effect of the air gap width 
was to compare the thermal behavior of temperature gradient across the air gap as a 
function of its thickness. Because the air gap thickness was doubled the number of the 
nodes across the gap was increased also. In this solution mesh 6633 nodes were 
generated and formed 1820 elements.
The solution for 18 years the temperature inside the container reached its peak 
of 264 °C located at the top central axis of the container (see Figure 3.43) while the 
air flow showed a single cell flow pattern with the maximum velocity of 25.48 cm/sec 
(see Figure 3.44). Both the streamline contour plot and the radial velocity along the 
vertical line mid-way across the gap (see Figure 3.45), indicated that there was a cell 
inside the gap. Figure 3.46 showed that the container central axis temperature varied 
from 257 °C at the bottom to 264 °C at top, at the same time Figure 3.47 
demonstrated the radial temperature variation at the mid-height of the container.
At 1000 years, the maximum temperature was 170 °C (see Figure 3.48) while 
the maximum velocity slowed down from earlier times to 4.15 cm/sec (see Figure 
3.49). Figure 3.49 also reveal that there were multi-cellular flow inside the gap. The
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streamline contour plot for the same section of the gap as in Figure 3.49 indicated that 
two air flow cells were in this section (see Figure 3.50). In this time the maximum 
temperature was located at the central axis of the container about 2.8 m from the 
bottom (see Figure 3.51). In Figure 3.52 and 3.53 cells were counted as well as a weak 
reversed flow cell near the top of the air gap.
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Figure 3.43 Temperature Contour Plot (at 18 yr. Temp, in K)
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Figure 3.44 Velocity Vector Plot for the Mid-Section of the Air Gap (at 18 yr. U in
m/sec)
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Figure 3.45 Radial Velocity for Half Way Across the Air Gap (at 18 yr. Ur in m/sec, 
Height in m)
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Figure 3.46 Temperature Profile on the Container Center Axis (at 18 yr. Temp, in K)
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Figure 3.47 Radial Temperature Variation at Mid-Height (at 18 yr. Ur in m/sec, Height 
in m)
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Figure 3.48 Temperature Contour Plot (at 1000 yr. Temp, in K, Height in m)
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Figure 3.49 Velocity Vector Plot for the Mid-Section of the Air Gap (at 1000 yr. U
in m/sec)
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Figure 3.50 Streamline Contour Plot for the Mid-Section of the Air Gap (at 1000 yr.)
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Figure 3.51 Temperature Profile on the Container Center Axis (at 1000 yr. Temp, in
K, Height in m)
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Figure 3.52 Radial Velocity at Half-Way Across the Air Gap Horizontally (at 1000
yr. Ur in m/sec, Height in m)
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Figure 3.53 Temperature Profile at Half-Way Across the Air Gap Horizontally (at 
1000 yr. Temp, in K, Height in m)
3.3.1 Conduction in Rock for 
the 15 cm A ir Gap Case
When the thickness of the air-gap increased to 15 cm the transient heat 
conduction simulation took a few more steps to reach its solution. The solution took 
40 steps to obtain the peak temperature of 234 °C at 0.5639xl09 sec (i.e. approximated
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17.9 years) and needed 27 more steps after that to reach 1000 years where the 
maximum temperature on the borehole wall was obtained as 114 °C. (Note this results 
was obtain from FIDAP 6.0 a while ago but today its graphic display was disabled and 
the information is only available from a huge FIDAP output file, so no graph was 
produced to show for it.) All the graphical plots for the 15 cm air gap case were 
similar to those ones in the pervious study (i.e. 5 cm and 10 cm cases), the only 
differences were shown in this solution was the slightly higher temperature profile in 
the near field, especially on the borehole surfaces.
3.3.2 Convection and Radiation 
for the 15 cm Air Gap Case
When the air gap was expanded from 10 cm to 15 cm, the same mesh but 
different mesh dimensions were used. At 18 years, the combined convection and 
radiation simulation yielded a peak temperature of 265 °C on the upper portion of the 
container center line (see Figure 3.54) while the maximum velocity appeared to be at 
25.04 cm/sec (see Figure 3.55). The streamline contour plot showed a single cell air 
flow pattern inside the gap. This result was confirmed from radial velocity at half way 
across the air gap (see Figure 3.56), as it showed a smooth flat line along the majority 
of middle section of the vertical air gap. Figure 3.57 reviewed that the top portion of 
the container was 6.3 °C hotter than its bottom.
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Figure 3.54 Temperature Contour Plot (at 18 yr. Temp, in K)
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Figure 3.55 Velocity Vector Plot for the Top Portion of the Air Gap (at 18 yr. U in
m/sec)
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Figure 3.56 Radial Velocity at Half-Way Across the Air Gap Horizontally (at 18 yr.
Ur in m/sec, Height in m)
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Figure 3.57 Temperature Profile on the Container Center Axis (at 18 yr. Temp, in K, 
Height in m)
At 1000 years, the maximum temperature inside the container was 136 °C 
which appeared at the top of its center axis (see Figure 3.58 and 3.59). The top 
velocity at this time was 8.38 cm/sec (see Figure 3.60) while the flow pattern indicated 
multi-cellular flow was present (see Figure 3.61). Seven fluid cells could be seen from 
the streamline contour plot, and both of the temperature and velocity plots along the 
vertical center line of the air gap agreed with this result. Figure 3.62 indicated that the 
minimum temperature on the container outer surface was 135 °C which was located
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at about 0.7 m from the bottom. This temperature insured that over 1000 years of the 
waste emplacement period, there would not be any water condensation on the container 
outer surface.
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Figure 3.58 Temperature Contour Plot (at 1000 yr. Temp, in K)
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Figure 3.59 Temperature Profile on the Container Central Axis (at 1000 yr. Temp, in
K, Height in m)
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Figure 3.60 Velocity Vector Plot for the Top Portion of the Air Gap (at 1000 yr. U
in m/sec)
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Figure 3.61 Radial Velocity at Half-Way Across the Air Gap Horizontally (at 1000
yr. Ur in m/sec, Height in m)
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Figure 3.62 Temperature Profile on the Outer Container Surface (at 1000 yr. Temp,
in K, Height in m)
CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS 
4.1. Conclusion
The thermal output of the hybrid BWR and PWR nuclear waste container will 
raise the temperature in the rock as well as inside the package. The result from this 
study (5 cm gap width case), indicates that the peak temperature of 224 °C, on the 
rock borehole surface will occur at about 18 years after the waste container 
emplacement. This temperature result was based only on conduction with no heat pipe 
flow effects considered (i.e. water movement due to rock moisture saturation). If this 
effect were included, the rock borehole surface temperature would be expected to be 
lower, hence bringing down further the temperature of the canister surface and its 
contents. So this case is considered as a good upper bound limiting case for the 
thermal study. The result also shows that the maximum temperature on the outer 
container surface at the end of 1000 years was 124 °C which was above water boiling 
temperature at atmospheric conditions.
The result for convection in the air gap exhibited a multi-cellular air flow
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pattern inside the gap. The number of cells was directly linked to the Rayleigh number 
and it decreased as the Rayleigh number increased. The reason for this is that the 
higher Rayleigh number indicates stronger buoyancy forces, and higher vertical 
velocities were generated which would lead to a single cell air flow pattern. In this 
study, the number of ceils inside the gap decreased from 11 cells at Ra = 8.88xl04, 
to 4 cells at Ra = 3.63x10s. The maximum temperature found inside the container was 
430 °C at its peak (18 years after emplacement), and 148 °C at the end of 1000 years.
When convection and radiation heat transfer were considered in the simulation, 
the results showed that there was a single cell air flow inside the gap, and the 
maximum temperature across the gap was lower than the convection-only case. It was 
246 °C at its peak and 125 °C at 1000 years.
To approximate the amount of heat that was transferred by convection, a set 
of empirical correlations16 were used. Since the radius ratio of this vertical concentric 
cylinders is 0.88 (i.e. R^R,,,,,) the annulus gap can be assumed to be a vertical 
rectangular cavity. First calculate the Grashof number as in the gap:
S j = g p m - T 2 ) d >  ( 1 6 )
u2
where v  is the kinematic viscosity, and then by using the following empirical 
correlation to calculate the Nusselt number:
85
86
Nu= 0 . 4 2  {G rP r)  4 P r d
(17)
in the conditions of 
Q" = constant 
104 < GrPr < 107 
1 < Pr < 20,000 
10 < L/d < 40
after computed the Nu, the coefficient of convection, h can be calculated as:
h_ N u k  
h
finally the heat transfer flux by convection can be obtained from:
The conditions for the above empirical correlation are somewhat different than our 
problem, but it is a good way to check the numerical results. As a double check to the 
numerical result the heat flux by radiation for a long (infinite) concentric cylinders was 
used to check that value:
Qconv~h { Tx- T 2) ( 19 )
Form the relation of Q"tot = Q"radi + Q"conv, and calculating Q"conv from equation (19) 
the difference between the total heat transfer and Q"conv would be the heat transferred 
by radiation. To check Q"radi, the radiation heat transfer would be calculated first from 
equation 20 and then subtracted from Q",0, to obtain the convective heat transfer flux. 
The table below displays the percentage of heat that was transferred by convection for 
convection-plus-radiation case by using the first method:
at 18 years at 23 years at 38 years at 80 years at 1000 years
Total Heat Transfer (i.e. Radi. & Conv. Q " tot in W/m2)
Q"tot =264.69 Q"tot = 229.89 Q"tot = 178.93 Q"tot = 106.17 Q",ot = 18.75
Convection-Plus-Radiation Cases
Tav=235.1°C Tave=230.5°C Tave=217.4°C Tave=184.5°C Tave=124.7°C
Convection-Only Cases (hconv in W/m2*K, Q"conv in W/m2)
have = 0.85 
Q"conv= 11-05
have = 0.804
Q"conv = 9.17
have = 0.799
Q"conv = 8.10
have = 0.747 
Q-'eonv = 5.33
have = 0-518 
QMconv = 1.01
Percentage of Heat was Transferred by Convection
4.18 % 3.99 % 4.53 % 5.02 % 5.36 %
Percentage of Heat was Transferred by Radiation ( Q " radi = Q"totai - O" 1^  conv/
95.82 % 96.01 % 95.47 % 95.98 % 94.64 %
Table 4.1 Percentage of the Total Heat Transferred by having Q"conv Calculated and 
Q"radi is the balance of Q"tot & Q"conv
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From the second method (i.e. calculated the radiation first and then back up the 
convection heat transfer, the results as follow:
18 years 23 years 38 years 80 years 1000 years
Total Heat Transfer (i.e. Radi. & Conv. Q " tot in W/m2)
Q " tot = 264.69 Q " tot = 229.89 Q ",ot = 178.93 Q " tot = 106.17 Q ",ot =  18-75
Heat Transferred by Radiation ( Q " radi in W/m2)
Q " radi=  227.59 Q " radi=  193.00 Q " radi=  159.37 Q"radi =  91.18 Q " radi =  16-15
Percentage of Heat was Transferred by Radiation
85.98 % 83.96 % 89.07 % 85.89 % 86.13 %
Percentage of Heat was Transferred by Convection
14.02 % 16.04 % 10.93 % 14.11 % 13.87 %
Table 4.2 Percentage of the Total Heat Transferred by having the Q"radi Calculated and 
Q"conv is the balance of Q"tot & Q"radi
As presented in the Table 4.1 the percentage of heat transferred by convection was 
about 5 %. In Table 4.2, since the temperature terms in equation 20 is nonlinear (i.e. 
to the 4th power), a small error in approximating the Tave on the outer container wall 
could amplify the radiation heat flux error. For example, a half degree difference in 
Tave used in the Q"radi would made the percentage of convective heat transfer close to 
5 % in Table 4.2. Nevertheless it is seem that radiation heat transfer was the main heat 
transfer mechanism in the vertical annulus. It is felt that the method used Table 4.1 is 
more accurate for computing the percentage split of heat transferred between the two 
heat transfer mechanisms. This is so because the Tave that needs to be estimated for
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Q"radi should be as follow:
where i is the number of nodal temperature on the container surface.
From equations 16 to 20, Q " ^  and Q"radi can be calculated empirically and 
analytically. This results were then compared to the FIDAP predicted results. Table 4.3 
is the comparison between the two predictions:
at 18 years at 23 years at 38 years at 80 years at 1000 years
Q"conv which were Predicted by Empirical Correlations (W/m2)
0" = 11 05^  conv iA ,U J Q" = 9.17^  conv ■/. j. / Q"conv = 8.10 O" = 5 33^  conv 0" = 1.01 ^  conv x,v-/x
Q"radi which were Predicted Analytically (W/m2)
Q"radi=227.59 Q"tadi= 193.00 Q"radi=159.37 Q"radi=91.18 Q"radi=16.15
Total Heat Flux were Predicted from above (Q"tot = Q"conv + Q"radi)
Q"lot =238.64 Q"tot =202.17 Q"tot =167.47 Q ",0« =96.51 Q",ot =17-16
Total Heat Flux were Predicted by FIDAP ( Q"tot in W/m2)
Q"tot = 264.69 Q"t0, = 229.89 Q"tot = 178.93 Q"tot = 106.17 Q"tot = 18-75
The Percentage Differences Between the Analytical Results 
and the FIDAP Results
9.84 % 12.06 % 6.40 % 9.10 % 8.48 %
Table 4.3 Differences between the FIDAP Predictions and the Empirical and 
Analytical Predictions
Table 4.3 demonstrates FIDAP’s predictions for this vertical concentric air gap 
problem came within about 9.2 % differences from the empirical and analytical results,
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so the FIDAP predictions are valid.
In the case of the expanded air gap (without rearranging the spacing of the 
waste container emplacement, i.e. 30 x 8 m) the predicted maximum temperature on 
the borehole rock surface would be 233 °C for 10 cm air gap, and 234 °C for 15 cm 
air gap. The rise in temperature on the borehole rock wall was caused by shortening 
the distance from the center line of the package to the vertical adiabatic boundary. The 
wider air gap changed the temperature in the waste container as well. In the 5 cm gap 
case, the maximum temperature inside the container was 253 °C at 18 years, 126 °C 
at 1000 years. In the 10 cm gap case, the peak temperature inside the waste package 
was 264 °C at 18 years, 170 °C at 1000 years. Finally for the 15 cm gap case, 
maximum temperature inside the package was 265 °C at 18 years, 136 °C at 1000 
years.
Years\Gap Width 5 cm air gap 10 cm air gap 15 cm air gap
18 years Tmax = 252.5 °C Tmax = 264.2 °C Tmax = 265.2 °C
1000 years Tmax = 125.9 °C Tmax = 173.1 °C Tmax = 136.1 °C
Table 4.4 Maximum Temperature Inside the Waste Package
In the table above the maximum temperature inside the canister was higher as the air 
gap thickness increased from 5 cm to 15 cm. This effect was caused by the increase 
of the borehole rock wall temperature when the air gap width increased. Since the peak 
temperature inside the waste container was below the 350 °C limit and the minimum
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outer surface temperature was above 100 °C, therefore this repository design can 
satisfy its design criteria (i.e. a hot repository).
Since radiation is the main heat transfer mechanism, various emissivities for the 
container were used for the 5 cm air gap case simulation only. The result of this study
demonstrates how the emissivity can affect the peak temperature profile on the outer 
container surface and inside the waste package. Table 4.4 below shows the relationship
Emissivity, e Temp, on the 
container surface
Temp, on the 
Central Axis
U m a x  in the Air 
Gap
8  = 0.3 T m a x  = 257 °C T m a x  = 274 °C U m a x  = 26.3 cm/s
Tmin = 239 °C T m i n  = 256 °C
e = 0.4 T m a x  = 251 °C T m a x  = 267 °C U m a x  = 22.1 cm/s
Tmi„ = 238 °C T m i n  = 254 °C
e = 0.5 T m a x  = 247 °C T m a x  = 263 °C U m a x  = 19.4 cm/s
T m i n  = 235 °C T m i n  = 252 °C
8  = 0.6 T m a x  = 242 °C Tmax = 258 °C U m a x  = 16.1 cm/s
T m i „  = 233 °C T m i n  = 250 °C
m II O T m a x  = 239 °C T m a x  = 255 °C U m a x  = 13.7 cm/s
T m i n  = 232 °C T m i n  = 249 °C
Table 4.5 Container Surface Emissivity and its Related Temp, and the Air Gap 
Velocity (at 18 yr.)
between the container surface emissivity and the temperature on the outer container 
surface, container central axis temperature, and the maximum velocity in the air gap. 
As shown in Table 4.5, the lower emissivity on the outer container surface would 
result in higher temperatures on its surface and inside the waste package due to the
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fact that to achieve the same radiation heat flux, the temperature has to be increased 
(see equation 20). Also higher velocities can be observed due to the higher buoyancy 
forces in the air gap. Since lower emissivity results in higher velocities in the air gap, 
a single cell flow pattern was generated inside the gap.
4.2 Recommendation
In this study a 2-D axi-symmetric model was used, and hence the capability to 
obtain more realistic information about the topic is limited. For example, this model 
would not be able to handle eccentricity of the container placement inside the borehole 
which would have a bearing on the temperature profiles. Also since the containers 
were emplaced 30 x 8 m apart, there would be a circumferential temperature difference 
in the annulus, this could generated the circumferential velocity in the air gap. Another 
disadvantage of the 2-D model is it could not simulate the air flow affect in the drift 
which is located above the borehole where the heat transfer in the drift could affect 
the near field temperature distribution. So a 3-D model should be introduced for more 
accurate prediction. The 3-D model will be able to handle all the problems that are 
mentioned above at a considerable computational cost. Also more in-situ experimental 
studies should be performed in the borehole to determine how accurate are all these 
mechanisms of heat transfer in the overall picture.
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